The objective of the work presented herein is to study the influence of dynamic ground effect on the longitudinal stability of airplanes during un-power landing by numerical simulation. A method was developed to design a landing control system which considers dynamic ground effect by the inclusion of the h derivatives in the longitudinal equations of motion. A case study was presented to illustrate with an example the influence of dynamic ground effect on the longitudinal stability using the Unmanned Airplane for Ecological Conservation. Open-loop flight simulations were performed considering dynamic ground effect using a program written in FORTRAN language. When the vehicle achieved heights lower than 2.5935 m during the simulations, an unstable response appears. A landing control system was designed using the methodology presented in this paper, and close-loop simulations were completed using a model created in Simulink. The control system drove the airplane to the runway, only when the h derivatives were included in the equations of motion. The unstable response produced by the dynamic ground effect has a strong influence in the flare manoeuvre, and for this reason, in the design of a landing control system, the h derivatives must be included in the longitudinal equations of motion. 
Nomenclature

b
= wingspan C Do = viscous drag coefficient or parasite drag coefficient C Lo , C Mo = lift and pitching moment coefficients at zero angle of attack C Lq , C Mq = variation of lift and pitching moment coefficients with pitch rate C Lu, C Du . C Mu = variation of lift, drag and pitching moment coefficients with non-dimensional speed C Lh , C Dh 
I. Introduction
HE h derivatives have a strong influence on the longitudinal dynamic stability of an airplane when this flies near to the ground. 1 Boschetti and Cárdenas 1 demonstrated (by dynamic analysis on a light unmanned airplane) that the longitudinal mode of motions, phugoid and subsidence, are considerable affected by ground effect. The h derivatives describe the variation of the coefficients with height above ground 2 and their values dependent from height. The h derivatives could be associated with dynamic ground effect on airplanes. Staufenbiel, 3 Boschetti et al 4 and Chun and Chang 5 established some nonlinear effects on airplanes or ekranoplans flying near to the ground when the h derivatives are included in the dynamic equations of motion.
Staufenbiel and Schlichting 6 explained the interaction between the h derivatives (or height-dependent aerodynamic coefficients) and longitudinal stability and their importance in flare maneuvers. Then, González 7 and González et al 8 demonstrated via simulation that an airplane is capable of making the touchdown due to the unstable response of the airplane caused by dynamic ground effect. However, some authors [9] [10] [11] neglected the h derivatives in automatic landing system design, and they vary the stability coefficients values with height above ground.
The inclusion of the h derivatives in the equations of motion used to design a landing control system and simulations could consider the dynamic ground effect during landing. The objective of the work presented herein is to study the influence of dynamic ground effect on the longitudinal stability of airplanes during un-power landing by numerical simulation.
T
II. Longitudinal Dynamic Stability in Ground Effect
Equation (1) presents the longitudinal system of linear equations of motion used to describe the effect of variations of height above ground considering ground effect obtained by Boschetti and Cárdenas. 1 This system was obtained from a classical system of equations presented by Etkin which considers atmospheric density variations and ground effect.
2 Table 1 shows the derivatives expressions presented in Eq. (1). 
III. Landing Control System
A conventional automatic landing system uses a radio signal directed to the glide-path from the ground at approximately 2.5 to 3 degrees. The equipment on board the aircraft must be able to compute the perpendicular displacement of the aircraft from the signal describing the glide-slope and to measure the angular deviation from the signal. Figure 1 describes the descending trajectory of an airplane with a velocity u o and the glideslope angle γ. The reference trajectory has an angle γ r , with glide-slope transmitter in the indicated point GsT. The landing control system has to maneuver the airplane to reduce to zero the glide-path deviation. 11 Then, when the proper height is achieved, the reference changes to perform the flare, and it finishes with the touchdown. The model developed by González 7 uses a multiinput/multi-output system to solve the problem; this control theory allows computing all the control variables at the same time. It is able to solve the dynamic system presented in Eq. (1) using the optimum control theory. 
A. Glide-Slope Coupler
The landing control equipment measures the angular deviation δ and the range to the transmitter, and then it calculates d by Eq. (2), when the aircraft trajectory is related to the perpendicular deviation for control design. Figure 1 shows the component of the velocity perpendicular to the glide-path, given by
The signal should guide the aircraft through the glide-path, and the only control available to complete the landing is the elevator input. The dynamic states presented in Eq. (1) are modified to include the elevator deflection; then, the state and the control input are
The control problem is described by Eq. (5), where A is the state matrix and B is the control vector.
Previously, the perpendicular deviation from the glide-path reference was defined by the glide-path geometry. Placing the variables in terms of the state vector, Eq. (3) can be expressed as
With γ r in degrees and θ in radians.
The perpendicular glide-path distance can be included as a state
This control problem was adapted by González, 7 based on the principles established by Blakelock 12 and the procedures developed by Stevens and Lewis. 11 The system must reduce d to zero. 
To reduce the deviation of the airplane from the glide-path, it is necessary the implementation of a compensator. The compensator helps the control gain to hold d as small as possible, without exceeding the physical limitations of the elevator. The proposed compensator is
The distance compensator pole is Tf 1 . 11 The compensator variables are represented as state variables to obtain their gains by linear quadratic regulator (LQR). The transfer functions are presented in Eq. (10) .
Equation (11) represents the compensator error, which is integrated to obtain the error controller shown in Eq. (12).
The resultant control compensator input is given by Eq. (13).
The compensator is included in the system described by Eq. (5), and the state vector is expressed as
Then, the resultant augmented system is defined by Eq. (15)
with 
It is necessary to define the augmented input to include the constant disturbance γ r in Eq. (6),
The reference input considered in the tracking problem is r= [r d ]. The variable γ r is considered an exogenous input, which is constant during the descent of the aircraft. Then,
B. Flare control system
The flare control system is based on the model proposed by Stevens and Lewis. 11 At a given height, the control system is activated by adjusting the rate of descent in order for the airplane to complete the landing. Figure 3 illustrates the flare maneuver.
Like the glide-slope coupler, the flare control system works as a tracking system, tracking a time-varying reference with the altitude (H). The commanded altitude is defined by Eq. (22), as an exponential function. 
Then, the initial height is expressed as
When the aircraft reaches the flare initial height, the switch in Fig. 2 changes the glide-path exogenous input to the commanded altitude function, the state vector changes, the flare compensator is used to reduce the difference with H, and the variable d is replaced in Eq. (14) by the reference altitude, as seen in Eq. (25).
[ ]
The state feedback problem is described as
The flare compensator is similar to the glide-slope coupler compensator, and the error reduction is:
IV. Case Study
A case study is presented to illustrate with an example the influence of dynamic ground effect on the longitudinal stability. The aircraft selected is the Unmanned Airplane for Ecological Conservation (ANCE), because, for this airplane, a complete aerodynamic data base at different heights above ground was recently obtained by panel methods. 1 Tables A1 and A2 present the general characteristic of this airplane, and the aerodynamic and stability coefficients at different heights. In a previously published work, 1 it was demonstrated that the airplane is longitudinally dynamically stable between free flight and H=2.5935 m (H/b=0.5), and unstable for lower heights.
A program to perform flight simulations 13 Table A2 were used to create interpolated functions, which are used for the program to obtain the stability coefficients at each altitude. When the altitude changes during a simulation, the program estimates anew the stability derivatives using the corresponding stability coefficients, air density and wind speed. 13 Simulations were performed placing ten heights above ground as starting point, with initial speed of 32.0208 m/s (1.3 of stall speed) and time step of 0.015 s. The airplane model was perturbed by elevator deflection of 5 deg step function during 0.2 s in each simulation. Figure 4 illustrates the airplane height above ground in time-domain; the starting heights are shown in the captions. It is important to inform that the minimum value for height above ground is 0.788 m, because this is the distance between the wing and the airplane's tire tread.
It is observed in Fig. 4 that for starting heights equal to or lower than 2.5935 m, the airplane sinks to the ground due to unstable response; for 2.9987 m, the aircraft sinks to 2.4912 m, where it is unstable and presents a divergent response, until the airplane achieves the stall speed. For greater heights, the aircraft shows a convergent and damped response. These observations correspond with the comments made by Boschetti and Cárdenas 1 about the longitudinal stability of the airplane near to the ground.
A. Landing control system
Continuing the case study, an automatic landing control was designed for the ANCE using the methodology previously stated in this paper. To accomplish this aim, the state feedback gain for Eq. (21) was initially estimated by the routine lqry from Matlab® 15 using the state matrix Eq. (16) . This routine solves the linear quadratic regulator problem in continuous time and the associated Ricatti equation. 16 The weighting matrices were matched to an identity matrix to prevent the system from becoming unstable. Figure 5 illustrates a simplified block diagram used for Simulink (a Matlab® application) to make close-loop simulations of the airplane. This includes the references for the glideslope and the flare. The exogenous references are presented as tracking commands, and they change when the aircraft reaches the initial height of the flare. Each simulation finishes when the tires of the airplane touch the ground.
In order to reduce the error with the references, the gain vector was tuned with Matlab®. The routine fmincon was used to obtain the minimum of constrained nonlinear multivariable function. The outputs d-H, δ e and θ were the minimized states. This tuned output was processed in a different ".m" file, where the variation margins were placed to obtain the ΔK. The resultant K for the entire landing is given in Eq. (28). 
Equations (15), (19) and (26) were integrated by the routine ode45 from Matlab®. This solves ordinary differential equations using the Runge-Kutta-Fehlberg method. The relative tolerance used in this simulation is 0.001. The simulations were performed using an initial velocity of 52.21 m/s and a starting height of 500 m over the ground. The initial condition vector is Figure 7 presents a comparison between the flight-path described by the airplane when is simulated using the longitudinal system of equations of motion expressed in Eqs. (1) and (16), and that one when the vehicle is simulated neglecting the h derivatives. If the h derivatives are not included, the aircraft does not complete the touchdown. Figures 8 and 9 show the variation of pitch rate and the variation of elevator deflection, respectively, in time-domain. When the h derivatives are included, an unstable response at heights lower than 2.5935 m (H/b=0.5) is appreciated. The simulation of the model that excludes the h derivatives does not present unstable response. These observations agree with the conclusions stated by Staufenbiel and Schlichting, 6 and González et al.
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V. Conclusion
This paper presents a study to demonstrate the influence of dynamic ground effect on the longitudinal stability of airplanes during un-power landing by numerical simulation. A method to design a landing control system that considers dynamic ground effect by the inclusion of the h derivatives in the longitudinal equations of motion was developed herein. The tracking problem approach presented in this paper uses the same state matrix for the entire landing problem, thus, a gain vector can control all the flight phases, and consequently, some problems as multiple gain vector estimation and gain scheduling can be avoided.
A case study was presented to illustrate with an example the influence of dynamic ground effect on the longitudinal stability, using the Unmanned Airplane for Ecological Conservation. Open-loop flight simulations were performed by a program written in FORTRAN language, demonstrating that when the vehicle achieved heights lower than 2.5935 m (H/b=0.5) during the simulations, an unstable response appears. For greater heights, the aircraft shows a convergent and damped response. A specific aircraft can be dynamically unstable below a certain height value due to the ground effect.
A landing control system was designed using the methodology presented in this paper. Close-loop simulations were completed using a model created in Simulink achieving that the control system drove the airplane to the runway, only when the h derivatives were included in the equations of motion. The unstable response produced by the dynamic ground effect has a strong influence in the flare maneuver, and for this reason, in the design of a landing control system the h derivatives in the longitudinal equations of motion must be included. 
Appendix A
